L ipid peroxidation and other consequences of increased levels of reactive oxygen species (ROS) have been implicated in the etiology of cerebral vasospasm after subarachnoid hemorrhage (SAH). [1] [2] [3] It is generally thought that the primary contributor to ROS production after SAH is the autoxidation within the subarachnoid space of oxyhemoglobin (oxyHb) to met-Hb. 4 As a direct product of this redox reaction, superoxide anion (⅐O 2 Ϫ ) is converted to highly reactive hydroxyl radical (⅐OH) through the metal-catalyzed Haber-Weiss and Fenton reactions. 5, 6 In support of the theory that ROS are primary pathogens for SAH, a variety of antioxidants have been shown to attenuate cerebral vasospasm in animals and humans. [7] [8] [9] [10] [11] [12] [13] [14] We have shown that intracisternal overproduction of ⅐O 2 Ϫ may initiate and/or mediate cerebral arterial vasoconstriction and subsequent structural damage. 3 Moreover, administration of ferrous (Fe 2ϩ ) or ferric (Fe 3ϩ ) iron chelators was shown to mitigate against cerebral vasospasm, providing evidence that the iron-catalyzed Haber-Weiss and Fenton reactions are involved in the mechanism of ROS generation leading to the occurrence of cerebral vasospasm. [15] [16] [17] Evidence for ROS production in vivo after SAH has been assessed by indirect approaches such as measurement of lipid peroxide production and quantification of superoxide dismutase (SOD) and glutathione peroxidase activities. 18 Although more direct approaches have been used for the detection of ROS in brain tissue, such as nitroblue tetrazolium, 19 electron spin resonance, 20 fluorochemical sensor, 21 and histochemical methods, 22 direct detection in situ of ROS, including ⅐O 2 Ϫ , has not yet been performed for cerebral vasospasm after SAH.
In this study we used a modification of Karnovsky's manganese/diaminobenzidine (Mn 2ϩ /DAB) technique that we have previously reported. 22 This method yields an amber osmiophilic polymer that is formed in the presence of ⅐O 2 Ϫ , Mn 2ϩ , and DAB and can be visualized under both light and electron microscopes. 23 Using this technique, we sought to elucidate in this study the major sites and cellular species responsible for ⅐O 2 Ϫ production in the subarachnoid space after SAH. As the Haber-Weiss and Fenton reactions require iron ions as cofactors to yield other species of ROS, we also investigated whether Fe 2ϩ or Fe 3ϩ iron ions coexisted with ⅐O 2 Ϫ , using Turnbull blue or Berlin blue staining, respectively.
Materials and Methods

Reagents and Buffer Compositions
Reagent-grade MnCl 2 , C 6 H 5 Na 3 O 7 , CaCl 2 , KCl, NaCl, NaN 3 , NaOH, 0.2 mol/L phosphate buffer solution (pH 7.4), Tris, and 3,3Ј-DAB were obtained from Sigma. Glutaraldehyde and paraformaldehyde were purchased from TAAB Laboratories Equipment. Buffer (solution A, adjusted to pH 7.4 by titration with 0.5N NaOH and then filtered) contained MnCl 2 (40 mmol/L), C 6 H 5 Na 3 O 7 (40 mmol/L), CaCl 2 (2 mmol/L), KCl (4 mmol/L), Tris (4 mmol/L), and NaN 3 (1 mmol/L), as previously reported. 22 The DAB stock solution was made by dissolving DAB in distilled water (10 mg DAB per milliliter). To prevent DAB precipitation, DAB stock solution was made by slowly adjusting the pH to 5.0 with the drop-by-drop addition of 0.5N NaOH (approximately 3 mL/100 mL) during vigorous stirring (solution B). The final Mn 2ϩ /DAB buffer containing 2.5 mmol/L DAB was prepared immediately before use by mixing solutions A and B together in a 9:1 ratio. 
Subarachnoid Hemorrhage Model
Twenty-four adult beagle dogs of either sex, weighing 10 to 15 kg, were randomly assigned to treatment groups. Animals were anesthetized with injection of sodium pentobarbital (30 mg/kg IV), orally intubated, and fixed in a stereotaxic device. Animals were maintained by mechanical ventilation with room air throughout the experiment. To rule out fluctuation of diameter of the cerebral artery due to variation in PCO 2 , arterial blood gas levels were maintained within physiological ranges during the course of the procedure. Additionally, rectal temperature was kept within the normal range with the use of a feedback-regulated heating pad. With an aseptic technique, the right vertebral artery was cannulated with a polyethylene catheter (0.86 mm), through which vertebral angiography (baseline angiogram) was performed with the use of 8 mL meglumine diatrizoate at a rate of approximately 3 mL/s by manual injection. SAH (first inductionϭday 0) was produced according to the 2-hemorrhage canine model of SAH. 24 Briefly, 0.6 mL/kg body wt of autologous, nonheparinized fresh arterial blood was injected percutaneously into the cisterna magna over 1 minute, followed by removal of one half of that volume of cerebrospinal fluid. Animals were maintained in the prone position with the neck flexed 30°down for 30 minutes to allow the injected blood to accumulate in the prepontine cistern. All animals were treated with antibiotics and other postoperative care, including regular wound cleaning, during the course of the experiment. The cisternal injection of arterial blood was repeated 48 hours later by the same method. Additional angiography was performed to confirm the narrowing of the basilar artery on day 2 or 7. In the animals subjected to sham treatment, an identical amount of physiological saline was injected into the cisterna magna, and angiography was performed on days 2 and 7 according to the method described below.
Evaluation of the Basilar Artery Diameter
The diameter of the basilar artery was measured at 5 predetermined locations along the vessel on the angiogram with an optical micrometer. Examination of all films was performed in a blind fashion by a single investigator. Arterial narrowing on the angiogram was expressed as a percentage of the basilar artery diameter of the baseline angiogram obtained on day 0 in the same animals, and the accumulated angiography data in SAH and sham groups were expressed as meanϮSE. For statistical comparisons, ANOVA was used. A P value of Ͻ0.05 was considered statistically significant.
Intrathecal Perfusion Procedure
After angiography on day 2 or 7, a 4-cm-long midline skin incision starting from the external occipital protuberance was made under general anesthesia. The nuchal muscles were divided in the midline, exposing the atlanto-occipital membrane. Through a small incision made in the membrane, 2 silicon catheters (1.2 mm in diameter, 10 cm long) were separately inserted into either side of the cerebellomedullary cisterns. One was connected to the perfusion tube, while the other was connected to the draining tube. The length of the catheters in the subarachnoid space was approximately 1.5 cm, which was sufficient to reach the prepontine cistern. The opening of the atlanto-occipital membrane was closed in a watertight fashion by the use of a surgical adhesive material. Then the basal cistern was perfused for 10 minutes with 10 mL Mn 2ϩ /DAB buffer on day 2 (group 1; nϭ6) or 7 (group 2; nϭ6). Separate groups of animals were similarly perfused on day 7 with Mn 2ϩ /DAB buffer containing hrSOD (group 3; nϭ3), non-Mn 2ϩ (group 4; nϭ3), or non-DAB buffer (group 5; nϭ3). Animals subjected to sham treatment were perfused with Mn 2ϩ /DAB buffer on day 7 (group 6; nϭ3). The preliminary study, in which 3 dogs were subjected to perfusion using identical amounts of dye (4% toluidine blue-saline) solution, had shown that the basal as well as the prepontine cisterns were satisfactorily perfused by the above technique.
Pathological Studies
After intrathecal perfusion with the designated perfusate, animals were euthanatized by an injection of sodium pentobarbital (50 mg/kg IV) followed by exsanguination. The basilar artery together with the brain stem was immediately harvested and processed for light and electron microscopy. Sections for light microscopy were immersed in a phosphate buffer containing 4% paraformaldehyde, routinely embedded in paraffin, sectioned (3 m), counterstained with 4% methyl green, and mounted. Additionally, to examine the coexistence of Fe 2ϩ or Fe 3ϩ iron ions together with ⅐O 2 Ϫ , either Turnbull blue or Berlin blue staining was done according to standard protocols. Sections for electron microscopy were trimmed into small pieces (approximately 1ϫ1ϫ2 mm), fixed in 2.5% glutaraldehyde followed by 1% osmium tetroxide fixation, dehydrated through a graded series of ethanol solutions, transferred to propylene oxide, and embedded in Quetol 812. Serial semithin sections (1 m) from resin-embedded blocks were then stained with 1% safranine/0.5% toluidine blue. Ultrathin sections (70 nm) were double-stained with uranium acetate and lead citrate and were examined at 75 kV with a Hitachi H-7000 transmission electron microscope.
Evaluation of ⅐O 2
؊ and Fe 2؉ /Fe 3؉ Reaction Products
Using light microscopy, amounts of ⅐O 2 Ϫ and Fe 2ϩ /Fe 3ϩ reaction products were graded in a semiquantitative fashion as absent (Ϫ), slight (Ϯ), mild (ϩ), or moderate (ϩϩ) in the subarachnoid space as well as the basilar arterial wall in a blinded fashion. Sections graded as absent or slight were further examined by electron microscopy. Statistical analysis was performed by the Kruskal-Wallis test followed by post hoc comparison by the Mann-Whitney U test. A P value of Ͻ0.05 was considered statistically significant.
Results
Evaluation of the SAH Model and Measurement of Basilar Artery Diameter
During the course of the study, no animals died, and no focal neurological deficits developed. On postmortem examination of animals subjected to SAH, the basilar artery was embedded in the clot of injected autologous blood that encased the surrounding cisterns. None of the animals subjected to sham treatment had SAH in the basal cistern.
In animals subjected to sham treatment, there was no significant time-dependent change in the basilar artery diameter (99.3Ϯ2.4% [meanϮSE] on day 2 and 98.5Ϯ2.1% on day 7; nϭ3 for group 6; PϾ0.05). A statistically significant difference in the basilar artery diameter was revealed between the SAH groups and the sham treatment group (PϽ0.01 for each comparison) on either day 2 or 7. In animals subjected to SAH, the basilar artery diameter was reduced to 72.1Ϯ2.8% of the control on day 2 (data assembled from groups 1 to 5; nϭ21). The reduction in basilar artery diameter on day 7 (58.6Ϯ3.2%, data assembled from groups 2 to 5; nϭ15) was significantly greater than that on day 2 (PϽ0.05).
Histochemical Distributions of Reaction Products of ⅐O 2
؊ , Fe 2؉ , and Fe
3؉
Dotlike or speckled amber reaction deposits were visible even by surgical microscopy in groups 1 and 2 (Mn 2ϩ /DAB buffer) at the time of death on days 2 and 7 after SAH. Interestingly, small amounts of dotlike amber reaction products were observed on the dorsal and ventral surfaces of the brain stem in group 6 (sham treatment). Reaction deposits were not observed in groups 3 (Mn 2ϩ /DAB buffer containing hrSOD), 4 (non-Mn 2ϩ ), or 5 (non-DAB). As summarized in the Table, light microscopic observation revealed ⅐O 2 Ϫ and Fe 2ϩ /Fe 3ϩ iron ion deposits in the subarachnoid space and the basilar arterial wall in animals subjected to SAH. In groups 1 and 2, mild to moderate amounts of amorphous amber reaction deposits were observed surrounding degenerated erythrocytes and, less so, around infiltrating macrophages and neutrophils in the subarachnoid space on days 2 and 7. Within the basilar arterial wall, slight to mild amounts of reaction deposits were observed exclusively in the tunica adventitia. Although the localization of ⅐O 2 Ϫ reaction deposits was similar between days 2 and 7, their amount appeared to increase (but was not statistically significant) on day 7 after SAH. In group 6 (sham treatment) on day 7, small amounts of amorphous amber reaction deposits were observed in the subarachnoid space, abutting the arachnoid membrane and the pia mater. In groups 3 (perfused with Mn 2ϩ /DAB buffer containing hrSOD), 4 (non-Mn 2ϩ ), and 5 (non-DAB), no reaction deposits of ⅐O 2 Ϫ were observed in either the subarachnoid space or the basilar arterial wall (Figure 1 ). In groups 1 to 5, Turnbull blue or Berlin blue staining revealed the presence of a significant amount of amorphous blue reaction deposits, indicating the presence of Fe 2ϩ or Fe 3ϩ iron ions, around the basilar artery and degenerated erythrocytes in the subarachnoid space. It is important to note that these blue reaction deposits were found in the close vicinity of ⅐O 2 Ϫ reaction deposits. Considerable amounts of reaction deposits were also observed within the tunica adventitia of the basilar arterial wall (Figure 2 ). While the aforementioned pattern of colocalization of ⅐O 2 Ϫ reaction deposits and Fe 2ϩ or Fe 3ϩ reaction deposits within the subarachnoid space and the basilar arterial wall was similar between days 2 and 7, the amount of those deposits was slightly, but not significantly, increased on day 7. In group 6, no Fe 2ϩ or Fe 3ϩ reaction products were observed in either the subarachnoid space or the basilar arterial wall.
Electron microscopic examination in groups 1 and 2 revealed that electron-dense fine granules of varying size indicating ⅐O 2 Ϫ were abundantly present in the subarachnoid space, predominately located around degenerated erythrocytes and, much more secondarily, in the vicinity of infiltrating macrophages and neutrophils. Considerable numbers of granules were attached to the outer surface of the cytoplasmic membrane of those cells. In the basilar arterial wall, ⅐O 2 Ϫ reaction deposits were also detected in the vicinity of infiltrating macrophages and neutrophils in the tunica adventitia of the basilar artery (Figure 3. ). In group 6 on day 7, small amounts of ⅐O 2 Ϫ reaction products were present in the subarachnoid space juxtaposed to the arachnoid membrane and the pia mater. No ⅐O 2 Ϫ reaction deposits were identified by electron microscopy in group 3, 4, or 5 in either the subarachnoid space or the basilar arterial wall.
In the basilar arterial wall of groups 1 to 5, mild to moderate pathological changes were observed in endothelial and smooth muscle cells on days 2 and 7. These changes include increased number of a variety of cytoplasmic organelles (mitochondria, lysosomes, and rough endoplasmic reticulum), cytoplasmic vacuoles containing fine granules, myelin figures or more amorphous material, and detached intracellular junctions. These pathological findings appeared more conspicuous with time. Furthermore, in groups 1 and 2, although moderate vacuole formation and destruction of collagen fibers in the tunica adventitia close to the deposits was observed, there were no necrotic cell changes in the tunica media and intima. In addition, small numbers of activated macrophages were observed in the tunica adventitia. In group 6, no abnormal findings were observed in any of the specimens.
Discussion
It is becoming increasingly substantiated that ROS and subsequent lipid peroxidation participate in the etiology of cerebral vasospasm after SAH. However, as direct evidence has been lacking regarding generation of ROS in the subarachnoid space after SAH, we wished to develop and characterize a direct method to visualize ROS, and in particular ⅐O 2 Ϫ , after SAH induction. Among a variety of methods to detect ROS, we chose a modification of Karnovsky's Mn 2ϩ /DAB technique 23 for the following reasons. First, the detection of ⅐O 2 Ϫ is of utmost importance because it is the initially generated species of ROS leading to subsequent generation of other ROS. Second, the aforementioned technique can be combined with other histochemical methods to examine the coexistence of Fe 2ϩ and Fe 3ϩ iron ions, which are critical cofactors for the Haber-Weiss and Fenton reactions, with ⅐O 2 Ϫ . Third, light and electron microscopic examination is expected to clarify the topographical distribution of ⅐O 2 Ϫ and iron ions within the subarachnoid space, thereby helping to identify the origin as well as the immediate target of ⅐O 2 Ϫ . By the use of the aforementioned technique, we were able to confirm that SAH leads to generation of ⅐O 2 Ϫ as follows. . In contrast, no reaction deposits of ⅐O 2 Ϫ were observed in dogs perfused with Mn 2ϩ /DAB buffer containing hrSOD buffer (C, F) on day 7 after SAH, indicating the ⅐O 2 Ϫ specificity of these reaction deposits. Each section was counterstained with 4% methyl green. Magnification ϫ100.
Light and electron microscopy revealed that ⅐O 2 Ϫ reaction deposits were primarily located around erythrocytes. However, a significant amount of deposits was also observed around infiltrating macrophages and neutrophils in the extracellular space of the subarachnoid hematoma, the periarterial space, and the tunica adventitia of the basilar artery on days 2 and 7 after SAH. Furthermore, Turnbull blue and Berlin blue staining revealed that these ⅐O 2 Ϫ reaction deposits were tightly colocalized with Fe 2ϩ or Fe 3ϩ reaction deposits, providing evidence that Haber-Weiss and Fenton reactions are taking place in the subarachnoid space after SAH.
Confirmation of ⅐O 2 ؊ Reaction Deposits
The rationale of the histochemical technique for the detection of ⅐O 2 Ϫ production is as follows 25, 26 :
Reactions 1 and 2 are competitive; however, the rate constant (K 2 ) of reaction 2 is 3 orders of magnitude greater than the rate constant (K 1 ) of reaction 1. Thus, if reaction 1 is halted by the addition of a nonlimiting amount of SOD (experimental group 3), reaction deposits formed in the absence of SOD (experimental groups 1 and 2) could be interpreted as specific evidence of ⅐O 2 Ϫ production. Such a confirmatory strategy revealed that, in dogs subjected to SAH, ⅐O 2 Ϫ reaction deposits were completely diminished when an excess amount of hrSOD was added to the Mn 2ϩ / DAB buffer (experimental group 3). As additional controls to determine the specificity of the reaction deposits produced by the complete reaction buffer, we eliminated DAB or Mn 2ϩ from the perfusion buffer (experimental groups 4 and 5). As expected, no reaction deposits were present in these conditions. Additionally, sodium azide (1 mmol/L, a concentration at which the enzymatic activities of CuZn SOD or Mn SOD /DAB buffer. Numerous reaction deposits of varying size were present in the subarachnoid space. These electrondense granules were detected mainly in the extracellular space, in close apposition to the cytoplasmic membranes of infiltrating macrophages and neutrophils. Barϭ4 m.
are not inhibited 27 ) was added to all perfusates to block the nonspecific osmiophilic polymerization between DAB and endogenous peroxidase, catalase, and mitochondrial cytochrome oxidase enzymes. 23 Furthermore, to examine the possibility of nonspecific polymerization of DAB by endogenous H 2 O 2 , we added 3% H 2 O 2 to the Mn 2ϩ /DAB buffer. The addition of H 2 O 2 did not elicit the formation of amber reaction deposits. Taken together, our results indicate that the reaction deposits observed in experimental groups 1 and 2 are specifically due to enhanced production of ⅐O 2 Ϫ . Noteworthy is the finding that small numbers of ⅐O 2 Ϫ reaction deposits were observed in the subarachnoid space abutting the arachnoid and pia mater in sham-treated animals subjected to perfusion with the Mn 2ϩ /DAB buffer (experimental group 6). The aforementioned result may be consonant with the basic, physiological production of ⅐O 2 Ϫ in the subarachnoid space, which may have been enhanced as a response to sham operation.
Possible Origin of ⅐O 2
؊ and Fe 2؉ /Fe 3؉ Iron Ions
Although oxyHb liberated into the subarachnoid space through clot lysis has been deemed to be the primary source of ROS and iron ions, this thesis has suffered from a lack of direct evidence. In this regard, the present study provides histochemical evidence for enhanced production of ⅐O 2 Ϫ and its coexistence with Fe 2ϩ or Fe 3ϩ iron ions in the subarachnoid space on days 2 and 7 after SAH. While ⅐O 2 Ϫ reaction deposits were detected within the subarachnoid hematoma, the periarterial space, and the tunica adventitia of the basilar artery, they were particularly abundant around degenerated erythrocytes and, secondarily, infiltrating macrophages and neutrophils. However, we did not detect deposits in the tunica media or intima. In this regard, it is important to note whether the Mn 2ϩ /DAB perfusate used can freely penetrate into the smooth muscle and endothelial cell layers. As DAB is poorly able to cross the blood-brain barrier and arterial wall, it is likely that this lack of detection may be related to limited distribution of Mn 2ϩ /DAB perfusate when applied to the subarachnoid space. Additionally, as the life of ⅐O 2 Ϫ is considerably short, it remains possible that this species had already decayed in these regions before detection. Therefore, we cannot assuredly exclude the possibility that ⅐O 2 Ϫ is produced in the media and endothelial cells of the vascular wall after SAH.
Regarding the cellular source(s) of ⅐O 2 Ϫ , they were particularly abundant around degenerated erythrocytes and, less so, near infiltrating macrophages and neutrophils. The aforementioned result indicates that ⅐O 2 Ϫ is derived not only from autoxidation of oxyHb but also from infiltrating activated macrophages and neutrophils. In this regard, it is interesting to note that intrathecal injection of talc (crystallized hydrous magnesium silicate) in dogs induces severe foreign body (nonspecific inflammatory) reaction in the subarachnoid space accompanied by significant arterial narrowing and structural damage, thereby mimicking in many ways cerebral vasospasm after SAH, but without evidence of extravasated erythrocytes. These arterial changes were significantly attenuated by intrathecal administration of SOD, suggesting that foreign body reaction mediated via infiltrating macrophages and neutrophils may contribute to cerebral vasospasm. 3 Nonetheless, data presented herein support the hypothesis that ⅐O 2 Ϫ as a result of autoxidation of extravasated erythrocyte-derived Hb is the primary contributor to the pathogenesis of cerebral vasospasm after SAH.
Finally 5, 6 Furthermore, peroxynitrite generation as a consequence of the direct interaction between NO and ⅐O 2 Ϫ may also be an important ROS contributor to the pathogenesis of SAH, as its formation is approximately 3.5 times faster than its dismutation by SOD. 28, 29 Collectively, ROS initiate oxidative damage of DNA, mitochondria, and, most importantly, membrane phospholipids. Lipid peroxidation, in turn, brings about the activation of membrane phospholipase A 2 , release of arachidonic acid, intercellular accumulation of diacylglycerol, and activation of protein kinase C. 30 -32 Although the generation of ⅐O 2 Ϫ in the present study was detected only in the adventitia of the vascular wall and subarachnoid space due to technical limitations, markedly increased levels of ⅐O 2 Ϫ may cause an imbalance of endothelial vasoactivity (induction of vasoconstriction when the ratio of ⅐O 2 Ϫ to NO is increased) 9 as well as upregulation of adhesion molecules (such as intercellular adhesion molecule-1 [ICAM-1] and vascular cell adhesion molecule-1 [VCAM-1]), 33 leading to microcirculatory derangement. To conclude that ROS are primary in the pathogenesis of cerebral vasospasm after SAH, however, further experiments are warranted to detect ROS, including ⅐O 2 Ϫ , in the arterial wall. Nonetheless, the present study is the first step toward direct evidence of ROS in the pathogenesis of cerebral vasospasm after SAH.
Thus, on the basis of the aforementioned ROS cascadepromoting reactions, a variety of antioxidants such as SOD, 9 the ⅐OH scavenger AVS [(ϩ/Ϫ)-N, NЈ-propylenedinicotinamide], 11, 13 ebselen (an agent exhibiting glutathione peroxidase-like activity), 12,14 the antioxidant aminosteroid, 7, 8 the singlet oxygen scavenger histidine, 10 and iron chelators [15] [16] [17] have been shown to be prophylactic against cerebral vasospasm in animal models as well as in SAH patients. Of particular interest is the Fe 2ϩ chelator 2,2Ј-dipyridyl, which has been shown to completely prevent delayed vasospasm in a primate model of SAH, 17 pointing to an important role of the Fe 2ϩ iron ion in the pathogenesis of cerebral vasospasm, as ROS formation requires the ferrous moiety and Fe 2ϩ is a potent trapping agent for NO. In this regard, the histochemical evidence presented in this report may provide one mechanism to explain why the Fe 2ϩ chelator 2,2Ј-dipyridyl appears to prevent delayed vasospasm after SAH.
In conclusion, the present study provides histochemical evidence for enhanced production of ⅐O 2 Ϫ and Fe 2ϩ /Fe 3ϩ iron ions in the subarachnoid clot as well as in the adventitia of the arterial wall on days 2 and 7 after SAH. Thus, ⅐O 2 Ϫ itself and subsequently generated ROS, particularly ⅐OH, are considered to play a primary role in the pathogenesis of cerebral vasospasm after SAH.
